Mercury (Hg) is a global threat for marine ecosystems, especially within the Mediterranean Sea. The concern is higher for deep-sea organisms, as the Hg concentration in their tissues is commonly high. To assess the influence of food supply at two trophic levels, total Hg concentrations and carbon and nitrogen stable isotope ratios were determined in 7 species (4 teleosts, 2 sharks, and 1 crustacean) sampled on the upper part of the continental slope of the Gulf of Lions (Northwestern Mediterranean Sea), at depths between 284 and 816 m. Mean Hg concentrations ranged from 1.30 ± 0.61 to 7.13 ± 7.09 μg g − 1 dry mass, with maximum values observed for small-spotted catshark Scyliorhinus canicula. For all species except blue whiting Micromesistius poutassou, Hg concentrations were above the health safety limits for human consumption defined by the European Commission, with a variable proportion of the individuals exceeding limits (from 23% for the Norway lobster Nephrops norvegicus to 82% for the blackbelly rosefish Helicolenus dactylopterus). Measured concentrations increased with increasing trophic levels. Carbon isotopic ratios measured for these organisms demonstrated that settling phytoplanktonic organic matter is not only the main source fueling trophic webs but also the carrier of Hg to this habitat. Inter-and intraspecific variations of Hg concentrations revealed the importance of feeding patterns in Hg bioaccumulation. In addition, biological parameters, such as growth rate or bathymetric range explain the observed contamination trends.
Mercury (Hg) is a global threat for marine ecosystems, especially within the Mediterranean Sea. The concern is higher for deep-sea organisms, as the Hg concentration in their tissues is commonly high. To assess the influence of food supply at two trophic levels, total Hg concentrations and carbon and nitrogen stable isotope ratios were determined in 7 species (4 teleosts, 2 sharks, and 1 crustacean) sampled on the upper part of the continental slope of the Gulf of Lions (Northwestern Mediterranean Sea), at depths between 284 and 816 m. Mean Hg concentrations ranged from 1.30 ± 0.61 to 7.13 ± 7.09 μg g − 1 dry mass, with maximum values observed for small-spotted catshark Scyliorhinus canicula. For all species except blue whiting Micromesistius poutassou, Hg concentrations were above the health safety limits for human consumption defined by the European Commission, with a variable proportion of the individuals exceeding limits (from 23% for the Norway lobster Nephrops norvegicus to 82% for the blackbelly rosefish Helicolenus dactylopterus). Measured concentrations increased with increasing trophic levels. Carbon isotopic ratios measured for these organisms demonstrated that settling phytoplanktonic organic matter is not only the main source fueling trophic webs but also the carrier of Hg to this habitat. Inter-and intraspecific variations of Hg concentrations revealed the importance of feeding patterns in Hg bioaccumulation. In addition, biological parameters, such as growth rate or bathymetric range explain the observed contamination trends.
Introduction
Anthropogenic inputs of chemicals is one of the main threats currently affecting the global ocean (Halpern et al., 2008) . Amongst other contaminants, mercury (Hg) is assessed as being of great concern (UNEP, 2013), since it is a neurotoxic metal for mammals. It also affects fish and other animals at levels below acute toxicity (Fitzgerald and Clarkson, 1991; Scheuhammer et al., 2007; Tartu et al., 2013) . The volatile metallic form of Hg (Hg 0 ) is emitted in the environment from both natural and anthropogenic sources, with an increase of anthropic releases in the last centuries (Streets et al., 2011; UNEP, 2013) . Its ~ 1 year atmospheric residence time allows Hg to be transported over long distances (Streets et al., 2011; UNEP, 2013) . However, Hg 0 is partly photooxidized into its divalent form (Hg II ) in the atmosphere and dissolved in rain or dry deposited. Once deposited, Hg II can be methylated by bacteria in soil, marine waters, and sediments (Fitzgerald & Lamborg 2006) . Methylation mainly occurs in low oxygen zones, and at the water/sediment interface, where heterotrophic bacterial activity is at a maximum (Blum et al., 2013; Cossa, 2013; Cossa et al., 2009; 2013; Heimbürger et al., 2010) . Methylmercury (MeHg) is the chemical form of mercury of greatest concern, since it can easily be uptaken by phytoplankton and magnified along trophic webs (Pickhardt and Fisher, 2007) . Bioaccumulation (bioconcentration + biomagnification) is determined by complex processes, linked with metabolic specificities of each organism and physico-chemical properties of the contaminant (e.g. Harmelin-Vivien et al., 2012) . Bioconcentration factors of 10 4 to 10 7 were observed for Hg concentrations between marine waters and organisms . This process is responsible for the highest Hg concentrations observed in high trophic level species, and for risks for humans when consuming high trophic level marine organisms, like piscivorous fishes (Morel et al., 1998) .
The fate of Hg is particularly important for the Mediterranean Sea. The anthropogenic pressure is thus high, as most of the countries around the Mediterranean are highly populated and industrialized (Durrieu de Madron et al., 2011) . Since the 1970's, several authors have described high Hg concentrations in Mediterranean teleosts (ray-finned fishes), sharks, and marine mammals. In addition, higher concentrations were observed for Mediterranean organisms when compared with the same species in others oceans, despite rather similar concentrations in waters (Andre et al., 1991; Cossa et al., 2012; Harmelin-Vivien et al., 2009; Thibaud, 1971) . On the basis of these observations, several early papers called this trend the "Mediterranean mercury anomaly" and research was undertaken to look for the cause (Aston and Fowler, 1985; Cossa and Coquery, 2005) . One hypothesis is that it may be linked to the biogeochemistry of Hg and the methylation depth range. In the Mediterranean, the oxygen minimum zone is shallower than in other marine environments. The methylation zone occurs thus at a lower depth, increasing the potential for MeHg to be integrated in the trophic webs, which are shallow . The second hypothesis focuses on a lower primary productivity in the oligotrophic Mediterranean, and thus a lower "biodilution" of contamination into less abundant biogenic particles at the base of trophic webs (Heimbürger et al., 2010) . This lower productivity also reduces the growth rate of higher organisms compared to more eutrophic settings. This has been observed for hake (Merluccius merluccius), a predatory teleost (Mellon-Duval et al., 2010) . At the same size, a Mediterranean individual is older and shows higher Hg levels than its Atlantic counterpart, due to a slower growth rate, and increased exposure time -hence, a higher potential for bioaccumulation .
Assessment of mercury concentrations was mainly performed in shallow Mediterranean species of commercial or cultural interest. Numerous studies have investigated trophic position and Hg concentration in species such as hake, mullet, tuna or marine mammals (Andre et al., 1991; Cossa et al., 2012; Harmelin-Vivien et al., 2009; Storelli and Barone, 2013; Storelli et al., 2005; Thibaud, 1971) . Fewer data are available regarding Hg concentrations for species living in deep Mediterranean waters (e.g. Cossa and Coquery, 2005; Hornhung et al., 1993; Koenig et al., 2013) . However, there is considerable concern regarding Hg for these species. They are commonly considered as long-lived and slow-growing, which increases potential exposure time to contamination (Drazen and Haedrich, 2012; Koenig et al., 2013) , given that deep-sea sediment with high concentrations of Hg have been observed in the Mediterranean Sea (Heimbürger et al., 2012) .
Recently, Canals et al. (2013) reported that a strong research effort had been undertaken to assess the hydrological and climatic processes of the deep areas (mainly continental slopes and submarines canyons) of the Gulf of Lions (Northwestern Mediterranean Sea), but little has been done to connect physical trends to biological functioning. They stated that there is an urgent need to "identify major issues and threats affecting deep-sea ecosystems, and to evaluate their potential impacts". Among the missing knowledge that is required for this assessment are the origin of organic matter (OM) and the functioning of trophic webs in these zones. As diet is the main source of contamination for fishes (Hall et al., 1997) , understanding what food source fuels deep-sea organisms is crucial to better understand their contamination patterns. Some early papers performed extensive studies of the diet of some teleosts and shark species (eg Carrassón et al., 1992; Macpherson, 1979; 1981; Morte et al., 2002) whereas more recent research characterized the OM reaching deep zones Heussner et al., 2006; Pasqual et al., 2013; Sanchez-Vidal et al., 2013) .
Although stable isotopes have been used to understand food webs in deep Mediterranean zones (Fanelli et al., 2011; 2013; Papiol et al., 2013 , Polunin et al., 2001 , the connection between OM and Hg at the base and consumers at the top of the trophic web has not been investigated. Stable isotope analyses would be useful to determine the source of OM and also Hg in deep Mediterranean trophic webs. Two OM and Hg sources could been considered, Rhône river OM inputs and sedimentation of phytoplanktonic OM. Stable isotope analyses are based on the link between the isotopic ratio of a consumer and the ratio of its diet, with a known fractionation factor between them. For carbon, this factor is rather low (theoretically + 1 ‰ at each trophic level), and allows the use of carbon as a tracer of the origin of OM supporting the consumer. Fractionation factor is more important for nitrogen (theoretically + 3.4 ‰ at each trophic level). Nitrogen is thus commonly used as a proxy of trophic level. Nevertheless, recently published studies demonstrated that these fractionation factors can vary with feeding behavior, trophic position, metabolism, body size or temperature (Cresson et al., 2014; Hussey et al., 2014; Mill et al., 2007; Wyatt et al., 2010) . Using stable isotopes is appropriate for understanding trophic levels in deep-sea species in addition with the gut content analyses, as this technique suffers drawbacks (Drazen et al., 2008; Fanelli et al., 2011; Polunin et al., 2001 ). Due to rapid pressure change, deep-sea species commonly regurgitate their stomach content when caught. Feeding is also sporadic for carnivorous species. Extensive sampling is thus needed to avoid empty or regurgitated stomachs and to get reliable data. Finally, combining stable isotope and contaminant analyses is a powerful approach, as both techniques give integrated information on diet or contamination processes.
There is a paucity of data about the Hg concentration and trophic relationships of teleosts and sharks of the Mediterranean continental slope . Furthermore, the existing data have been collected in the Western part of the Gulf of Lions. It is generally considered that deep sea species exhibit high Hg concentration, suggesting that biological features of deep-dwelling species, trophic position, and nature of OM fueling deep zones can drive the high contamination pattern. Consequently, the aim of this study was (1) 
Material and methods

Study area, organism sampling and dissection
Sampling was performed during the 2012 MEDITS bottom trawl campaign in the Gulf of Lions (R/V L'Europe) at 6 stations, located on the upper slope at depths between 284 and 816 m (Fig. 1) . The MEDITS annual bottom trawl surveys have applied a common standardized protocol since 1994 to produce information on benthic and demersal species on the continental shelves and along the upper slopes in the whole Mediterranean Sea (Bertrand et al., 2002) . Sites were selected with regard to the targeted species usually collected there. A total of seven species was chosen, due to their repeated observation during video recorded in the canyons heads (Fabri et al., 2014) , the high trophic level of teleosts and sharks (Carrassón et al., 1992; Macpherson, 1978; 1979; 1981; Morte et al., 2002; Papiol et al., 2013; Stergiou and Karpouzi, 2002; Tecchio et al., 2013) their importance for the community composition and functioning Tecchio et al., 2013) and their ability to feed on prey coming from the submarine canyons. As their have high trophic level, these species were supposed to exhibit high Hg concentration. On the contrary, Norway lobster has a lower trophic level, as it mainly consume small benthic invertebrates (Cristo and Cartes, 1998) . In addition, these species can have some commercial interest and can be caught by professional fishermen (Fisheries Information System Ifremer, Patrick Lespagnol, pers. comm.). Individual organisms were stored frozen on board and kept at -20°C until dissection.
In the lab, teleosts and sharks were thawed, measured (total length, to the nearest mm) and weighed (total, mass, to the nearest 0.1 g) before dissection. For the decapod crustacean species Nephrops norvegicus, the cephalothorax length was measured to the nearest millimeter. For all species, two samples of muscle were taken from thawed individuals and prepared for analyses. White dorsal muscle was taken for stable isotope analyses, as this tissue was demonstrated to be the most appropriate (Pinnegar and Polunin, 1999) . For Hg analysis, a sample of muscle was taken from the caudal peduncle, between the anal pore and the tail. Muscle taken in this zone was observed to be the most suitable for Hg analysis, according to international guidelines (Nakhlé et al., 2007) . All muscle samples were stored frozen, freeze-dried and ground in a non-contaminating blender before analyses. (Cresson et al. 2014) . C/N ratios were determined with the elemental analyzer, and were used as a proxy of lipid content. High lipid concentrations were previously observed in deep-sea teleosts, and could represent a bias for the measurement of δ 13 C. C/N values lower than 4 indicates no lipid bias and no need for correction (Hoffman and Sutton, 2010) . In our dataset, all C/N values were below this threshold. Consequently, no lipid bias correction was performed.
Carbon and nitrogen stable isotope and Hg concentration determination
Total Hg concentration was determined using a semi-automated atomic absorption spectrophotometer (AMA-254, Altec Ltd., Praha, Czech Republic) in three steps: (1) ; measured values: 4.73 ± 0.27 and 0.392 ± 0.007 µg g -1 for DORM-2 and DORM-4 respectively). Reproducibility of the measurements were usually better than 5 %. This technique allows determination of the total Hg but not the methylmercury (MeHg). However, previous results demonstrated that total Hg is a good proxy of MeHg, as MeHg represent 80 to 100 % of Hg in teleosts and sharks (Bloom, 1992; Magalhães et al., 2007; Pethybridge et al., 2010) . Concentrations are expressed relatively to the dry mass of individuals. If needed, wet masses (wm) were converted into dry masses (dm), considering that dm = 5 wm (Magalhães et al., 2007) . One determination of Hg concentration was performed for each individual, as previous results demonstrated low variability of Hg concentrations for repeated analyses of the same sample (F. Miralles, unpubl. data) To determine what OM source potentially fuels slope trophic webs, no specific sampling was performed, but bibliographical data were gathered. The Rhône river OM inputs exhibit δ 13 C values lower than -25 ‰, consistent with other reported terrestrial OM inputs in the Gulf of Lions (e.g. Cresson et al., 2012; Darnaude et al., 2004; Harmelin-Vivien et al., 2010; Sanchez-Vidal et al., 2013; Tesi et al., 2007) . These values are explained by the predominance of C 3 plants remains in riverine OM. Regarding phytoplankton, most of the studies so far in the Mediterranean considered isotopic ratio of POM, i.e. the heterogeneous mixture of living and detrital particles (e.g. Cresson et al., 2012; Darnaude et al., 2004; Tesi et al., 2007) . POM isotopic ratios can be considered as a proxy of phytoplankton isotopic ratios only under particular conditions, like the absence of terrigeneous influences. To our knowledge, isotopic ratios of "pure" phytoplankton from the Gulf of Lions was only reported once (Harmelin-Vivien et al., 2008) . Briefly, these authors specifically sampled phytoplankton by pumping large volume of water at the fluorescence maximum depth, filtering, and considering only the 63 -200 µm fraction. This size class was considered the best proxy of phytoplankton as it was composed mainly of diatoms and dinobionts, as confirmed by species identification. They measure δ 13 C values between -21 ‰ and -19 ‰ for phytoplankton. Their results were previously used to confirm the contribution of phytoplanktonic OM to deep Mediterranean environments Sanchez-Vidal et al., 2008) . Marked differences between riverine and phytoplanktonic δ 13 C allowed the use of these values to discriminate what OM source fuels slope trophic webs.
Statistical analyses
Interspecific variations of δ 13 C, δ 15 N and spatial variation of total length were tested. In both cases, normality and homogeneity of variance were first checked. If those assumptions were reached, comparisons were performed with one-way ANOVAs. If not, non-parametric tests (Mann-Whitney or Kruskall Wallis) were used.
As length can affect isotopic ratio or Hg concentration, correlations between parameters were assessed using linear or exponential regression models, using Generalized Linear Models (GLM). After checking the significance of the regression (p-value ≤ 0.05), the model minimizing the Aikake Information Criterion (AIC) was considered the best fit. When linear correlation was the best fit, spatial variations were tested on untransformed data with ANCOVA, using length as a covariate. When exponential regression best fit the data, ANCOVA was performed on log-transformed data. Spatial variation was not tested for Nephrops norvegicus (sampled in one site only n= 13). Data discussed as significant is for p < 0.05.
Results
Isotopic and biometrical features.
A total of 153 individuals were included in this work (Tab. 1). Mean δ 13 C values displayed a range lower than 1 ‰ (Tab.1, Fig.2 ) between the maximum value measured for Scyliorhinus canicula (-18 .32 ± 0.45 ‰) and the minimum for Micromesistius poutassou (-19.11 ± 0.59 ‰). Values measured on each sampling point are detailed in Table S1 .One large (611 mm) L. piscatorius individual was also collected and displayed high isotopic ratios (δ 13 C = -17.39 ‰, δ 15 N = 9.91 ‰) and Hg burden (6.55 µg g -1 dm). This individual was not included in the statistical analyses, as its representativeness in the data set was low.
Nitrogen isotopic ratios were rather similar between teleosts and sharks, as a difference of nearly 1 ‰ is observed between δ 15 N values measured for Lepidorhombus boscii (7.89 ± 0.53 ‰) and Phycis blennoides (9.06 ± 0.70 ‰). N. norvegicus δ 15 N value (6.62 ± 0.55 ‰) was significantly lower than values measured for teleosts and sharks (Fig. 2) .
Assuming a ~1 ‰ enrichment factor for carbon per trophic level, and considering that phytoplankton δ 13 C values range between -21 and -19 ‰ , isotopic ratios measured for all teleosts, sharks, and decapod crustaceans in this work were consistent with the predominance of phytoplankton as the main OM source fueling the slope trophic webs. This idea is supported by the position of all species in the δ 13 C -δ 15 N biplot (Fig. 2) . All species are in the blue (light gray) area representing the limits of the range of isotopic ratios expected if the trophic web they belong to is mainly fueled by phytoplanktonic OM. On the contrary, all available data about riverine inputs' δ 13 C were markedly lower and suggests that this food source is not available to the slope trophic webs.
For all species, significant correlations were observed between length and isotopic ratios (Tab S3 and S4). Mean lengths were similar between sites, revealing rather homogeneous sampling (Fig.  3) . Nevertheless, some spatial variation of isotopic ratios were observed when length was used as a covariate (Tab. 2). Generally, differences seemed to appear between shallower and deeper individuals. As an example, H. dactylopterus captured at 679 m depth exhibited the higher average δ 15 N and δ 13 C values (9.74 ± 0.36 ‰ and -17.81 ± 0.30 ‰ respectively), whereas lowest values were recorded for individuals captured shallower.
Hg concentrations
Hg displayed a wide range of values, with major and significant (KW H (6, 153) =68.55, p < 0.0001) differences between species (Tab.1, Fig. 4 ). Three species exhibited low and similar values: Micromesistius poutassou (1.30 ± 0.61 µg g -1 dry mass), N. norvegicus (1.80 ± 0.97 µg g -1 dm) and P. blennoides (1.89 ± 1.10 µg g -1 dm). M. poutassou was the only species with all individual displaying concentrations below the European maximal levels in foodstuffs of 2.5 µg g -1 dm for this species (EC, 2006) . Maximum average values were recorded for Scyliorhinus canicula (7.13 ± 7.09 µg g -1 dm), Helicolenus dactylopterus (5.80 ± 3.24 µg g -1 dm) and Galeus melastomus (4.92 ± 3.66 µg g -1 dm). Maximum concentrations were recorded in muscle of three large S. canicula individuals (27.01, 18.08 and 17.11 µg g -1 dm respectively). Intraspecific variation was also high and explained the large standard deviation calculated (Fig. 4) . Significant correlations were observed between length or δ 15 N and total Hg concentration, whatever the species (Fig. 5, Tab. S3) . In most cases, the exponential model best fitted the data (Fig. 5) . Largest individuals exhibited high δ 15 N and high Hg concentrations, most of them above the limits (2.5 or 5 µg g -1 dm) defined by European Commission (EC, 2006) . Furthermore, with the exception of M. poutassou, several individuals from all species exhibited Hg concentrations above the human consumption safety limit, with different proportions of individuals above the limits for each species (Fig. 4) . Spatial differences of Hg concentrations were only observed for H. dactylopterus and P. blennoides, with individuals collected deeper displaying higher concentrations (Tab. 2). Hg concentration is higher (9.61 ± 2.69 µg g -1 dm) for H dactylopterus captured at 679 m than at all other shallower sites. Similar trend is observed for P. blennoides, as individuals sampled at 665, 679 and 816 m depth were Hg-enriched compared with individuals sampled at 284 and 426 m.
Discussion
Fish and shellfish assimilate Hg, mainly from their food via the biomagnification process (e. g., Magalhães et al., 2007) . Their diet (and thus trophic level) is the main factor governing the amplitude of Hg accumulation in marine organisms. In addition, Hg concentrations tend to increase with animal age that depends on their growth rate, which in turn, change in function of the habitat, physiology, and reproductive cycle .
Marine vs terrestrial OM fueling trophic webs
Organisms analyzed here displayed isotopic ratios consistent with trophic webs supported by phytoplanktonic OM (Fig. 2) . The importance of sinking phytoplankton, as the main source fueling deep trophic webs was previously determined at other Mediterranean sites Polunin et al., 2001 ) and in abyssal zones in the Pacific (Drazen et al., 2008) . Fanelli et al (2013) calculated that falling phytoplankton was the major (67 to 85 %) contributor to deep water and sediment OM. The Gulf of Lions is commonly considered as a mesotrophic environment, more productive than other zones of the northwestern Mediterranean (Bosc et al., 2004 ). Phytoplanktonic OM can be then exported to the continental slope ecosystem, as confirmed by the presence of biogenic remains (diatoms and coccoliths) in particle traps and by the isotopic ratios and biochemical composition of these particles (Lopez-Fernandez et al., 2013; Sanchez-Vidal et al., 2008) . Heussner et al. (2006) estimated that, at the scale of the Gulf of Lions, inputs of phytoplankton to deep-sea ecosystem represent nearly 9 x 10 5 t a -1
, with a decreasing amount and quality of OM with depth, by example due to the fast consumption of labile OM. Alteration of OM, with a potential effect of bacterial processes, can also alter its isotopic ratios, and was proposed as an explanation of the effect of depth on isotopic ratio previously observed Polunin et al., 2001 ). This could similarly explain the few but occurring δ 13 C differences observed for H. dactylopterus and P. blennoides sampled at different depths.
The lack of influence of terrestrial inputs on the trophic web of the continental slope may seem unexpected. The Rhône River is the main input of OM in the Gulf of Lions. Several papers have previously documented a strong influence of this river as a source of OM and contaminants for coastal teleosts populations, even far from its mouth (Carlier et al., 2007; Darnaude et al., 2004; Dierking et al., 2009; Morat et al., 2014) . Some others smaller rivers may also carry OM to the sea, for example during flash flooding events . These inputs can then be exported beyond the shelf break during downwellings or cascading events that occur under specific atmospheric forcings Sanchez-Vidal et al., 2008) . Nevertheless, fluxes of riverine OM appeared too limited in time and space to have a strong influence on the trophic webs leading to the organisms considered in this work. They occur sporadically during short periods of time, when atmospheric forcing is favorable and concomitant with winter flooding. Additionally, large OM inputs of the Rhône River are commonly exported to the West of the Gulf of Lions by the Northern Mediterranean Current, and influence mainly the western part of the Gulf of Lions, far from the sampling zone. Consequently, it can be hypothesized that terrestrial OM is of minor importance as a source for trophic webs in the upper part of the continental slope.
High Hg concentration in the slope's organisms
Results obtained here confirm the previously raised Hg concern for Mediterranean organisms (Andre et al., 1991; Cossa and Coquery, 2005; Cossa et al., 2012; Harmelin-Vivien et al., 2009; Koenig et al., 2013; Storelli and Barone, 2013; Storelli et al., 2007) . Individuals with Hg concentrations above the European Commission quality standards (EC, 2006) were observed for all species except M. poutassou. Mean values observed for teleosts and sharks considered in this work are even higher than values previously reported for these species (Table 3 ) and also for species at similar trophic level in the Mediterranean. Previous values reported for piscivorous species show mean Hg concentrations between 0.5 to 1 µg g -1 dm, and maximum values generally lower than 2.5 µg g -1 dm Harmelin-Vivien et al., 2012; Koenig et al., 2013; Storelli and Barone, 2013; Storelli et al., 2005) . Mean values observed in this work were at least similar or higher than these maximum values. For example, Storelli et al. (2005) reported a maximum value of 2.02 µg g -1 dm for S. canicula, which is well below the average (7.13 ± 7.09 µg g -1 dm) and maximum (27.01 µg g -1 dm) values observed here.
Food supply is considered as the main source of Hg contamination in fishes (Hall et al., 1997) , and the patterns observed in this work are consistent with this idea. First, all teleosts and shark species sampled in this work were at similar high trophic levels. Previous results on their diet demonstrated that they feed mainly on teleosts, cephalopods and crustaceans (Carrassón et al., 1992; Macpherson, 1978; 1979; 1981; Morte et al., 2002; Papiol et al., 2013; Stergiou and Karpouzi, 2002; Tecchio et al., 2013) . Due to magnification processes, high concentrations of Hg are observed in high trophic level species. Conversely, δ 15 N values were significantly lower for N. norvegicus. As the majority of the crustaceans, Norway lobsters displayed a diverse diet mainly based on benthic invertebrates, such as other crustaceans, polychaetes or echinoderms (Cristo and Cartes, 1998) . Their δ 15 N ratio, nearly 2 ‰ lower than the ratios measured for teleosts and sharks, is consistent with this diet. The lower Hg concentration in N. norvegicus is thus consistent with its trophic position nearly one trophic level below teleosts and sharks.
The importance of food source as a key to explaining contamination patterns is also evidenced by the exponential increase of concentrations observed in almost all species coincidently with increasing δ 15 N and length. While ageing and growing, individuals alter their diet, and feed on prey that are at a higher trophic level. For example juvenile sharks Galeus melastomus or Scyliorhinus canicula mainly consume crustaceans while adults eat fish and cephalopods (Carrassón et al., 1992; Fanelli et al., 2009; Macpherson, 1979) . Thus, δ 15 N and Hg concentration increase with length increase and consumption of more contaminated prey. Thus alteration of the diet could be an explanation for the rather low average Hg concentrations measured for the teleost species Phycis blennoides. Small individuals (< 150 mm) are commonly thought to eat benthic crustaceans such as Alpheus glaber or Calocaris macandrae whereas individuals larger than 250 mm prey on teleosts (Macpherson, 1978) . In our study, small individuals have low δ 15 N values (~8 ‰) and Hg concentrations (< 0.5 µg g -1 dm), whereas large individuals exhibited high δ 15 N values (> 9.5 ‰) and Hg concentrations (between 3.5 and 4.2 µg g -1 dm) similar to values measured for other piscivores in our work. Furthermore, Hg concentration was best fitted most of the time by an exponential model, considering either the effect of trophic level or length. An exponential regression between Hg and length, weight or isotopic parameters was previously observed for numerous teleosts species (Harmelin-Vivien et al., 2009 Hornhung et al., 1993; Magalhães et al., 2007; Storelli et al., 2005) . This exponential-shaped bioaccumulation was explained by a change in the metabolism with age, in addition to the switch in the diet previously explained. Young individuals are sexually immature, and have a high growth rate. Contamination is thus diluted with rapid synthesis of new tissues. Consequently, accumulation in the first stages of life follows a pseudolinear pattern also observed for short-lived species (Magalhães et al., 2007) . When acquiring sexual maturity, the somatic growth of individuals is slowed down, as individuals invest part of their energy in gonad synthesis, and bioaccumulation increases exponentially . As Hg has an affinity for proteins, little decontamination occurs via the release of gametes (in contrast to the decontamination during reproduction observed for lipophilic contaminants) and larger individuals exhibit high Hg concentrations. Thus, Hg concentration changes with age depending on food supply, ontogenetic evolution, and growth rate.
Effect of depth on Hg concentration
The high Hg concentrations measured for organisms sampled on the continental slope were consistent with the high Hg content in deep-sea organisms (Blum et al., 2013; Chouvelon et al., 2012; Choy et al., 2009; Hornhung et al., 1993; Koenig et al., 2013) . When compared with bibliographical data (Table 3 ), values measured in deeper-dwelling organisms are higher than values for individuals of the same species captured at shallower sites. We propose some hypotheses to explain this trend, on the basis of biotic and abiotic factors.
From a biological point of view, an effect of depth on growth rate and longevity of organisms was demonstrated (Drazen and Haedrich, 2012) . Due to decreasing amount and nutritive quality of OM with depth , food supply to deep trophic webs decreases, which affects all organisms in the trophic web by slowing their growth. For a given similar size, deeper organisms would appear to be older than shallow ones and to have been exposed to contamination during a longer time. It would be analogous to what was observed for hake between the oligotrophic Mediterranean and the eutrophic Bay of Biscay .
Some recently described features of the biogeochemical cycle of Hg in marine waters can also be proposed to explain the high concentrations observed in teleosts and sharks considered in this work (Blum et al., 2013; Cossa, 2013; Cossa et al., 2009 Blum et al (2013) confirmed that the main source of MeHg in the open ocean is the bacterial methylation in minimum oxygen zones (Fig. 6) . Even if methylation can occur in shallow waters or at the sediment water interface, the majority of the MeHg (60 to 80 %) is formed in low oxygen water, where heterotrophic bacterial activity is at a maximum ). On the contrary, bacterial demethylation is low in deep marine zones (Blum et al., 2013) . MeHg can then be adsorbed on sinking particles and be integrated in the deep trophic webs. These particles represent the main source of OM for organisms considered in this work, as confirmed by their δ 13 C values. These particles are also the main carrier of MeHg, and contaminated the trophic web leading to teleosts and sharks. In addition, part of this OM (and the MeHg adsorbed upon it) can also be buried, as confirmed by the high Hg concentrations observed in sediments (Heimbürger et al., 2012) . Several benthic or burrowing species, such as crustaceans (e.g. Alpheus spp., Calocaris macandrae) or teleosts (e.g. Lesuerigobius spp.) were important prey for the teleosts and sharks considered in this work (Macpherson, 1981; Morte et al., 2002) . Consequently, the Hg pool in sediment would represent a second source of contamination, increasing the exposure for benthic fish species.
This hypothesis can also explain the discrepancy between M. poutassou trophic level, diet and low Hg concentration. This species is considered to have a similar trophic level to other teleosts and sharks sampled in this work Macpherson, 1981; Papiol et al. 2013; Stergiou and Karpouzi, 2002; ) , as confirmed by its δ 15 N values. However, M. poutassou exhibited the lowest Hg concentrations, with no individuals observed above health safety level. M. poutassou is generally considered as a bathypelagic species, whereas others are demersal or bathydemersal (Froese and Pauly, 2013) . The main preys of M. poutassou belong to the pelagic food chain, such as krill Meganyctiphanes norvegica or lampfish Notoscopelus elongatus (Macpherson, 1981) . It could thus be considered that M. poutassou is able to feed on the pelagic trophic web and is less influenced by the Hg methylated in the thermohalocline zone. As all species depend on the same OM source (phytoplanktonic production in the euphotic zone) and occupy a similar trophic level, they exhibited similar δ 13 C and δ 15 N ratios regardless of their depth range. But, as M. poutassou would appear to feed above the methylation zone, it would be less contaminated than other species. Those results would be consistent with the findings of Choy et al (2009) who observed an effect of the depth of foraging on the Hg concentration in some pelagic species. Such a trend (similar trophic position but lower Hg content) was observed for M. poutassou in the Bay of Biscay, suggesting that this discrepancy is not specific to the Mediterranean Sea (Chouvelon et al., 2012) . Like all pelagic or bathypelagic species, M. poutassou is a fast-growing species, as confirmed by its growth parameters (Froese and Pauly, 2013) . The effect of a lower foraging depth would thus be amplified by a dilution of Hg contamination with a faster growth.
Conclusions
Our results confirmed that high Hg concentrations occur in deep Mediterranean organisms and that feeding is the main source of Hg contamination for teleosts and sharks. By elucidating the main source of OM at the base of the trophic webs of the continental slope, this work determined that falling OM of phytoplanktonic origin is the main source of organic matter and also of Hg to the trophic webs of the continental slope.. Since the teleost and shark species considered in this work are top predators, the biomagnification of MeHg through the food webs greatly impacted their Hg concentrations. Finally, several specificities of those ecosystems, such as food scarcity or the influence of depth on several biological parameters, call for a better assessment of these parameters, such as growth or age, to better assess the risks of Hg contamination.
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